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A substantial increase in fluvial sediment supply relative to transport capacity causes complex, large-magnitude
changes in river and floodplain morphology downstream. Although sedimentary and geomorphic responses to
sediment pulses are a fundamental part of landscape evolution, few opportunities exist to quantify those process-
es overfield scales.We investigated the downstreameffects of sediment released during the largest dam removal
in history, on the Elwha River, Washington, USA, by measuring changes in riverbed elevation and topography,
bed sediment grain size, and channel planform as two dams were removed in stages over two years.
As 10.5 million t (7.1 million m3) of sediment was released from two former reservoirs, downstream dispersion
of a sediment wave caused widespread bed aggradation of ~1 m (greater where pools filled), changed the river
from pool–riffle to braided morphology, and decreased the slope of the lowermost river. The newly deposited
sediment, which was finer than most of the pre-dam-removal bed, formed new bars (largely pebble, granule,
and sand material), prompting aggradational channel avulsion that increased the channel braiding index by
almost 50%. As a result of mainstem bed aggradation, floodplain channels received flow and accumulated new
sediment even during low to moderate flow conditions. The river system showed a two- to tenfold greater geo-
morphic response to dam removal (in terms of bed elevation change magnitude) than it had to a 40-year flood
event four years before dam removal. Two years after dam removal began, as the river had started to incise
through deposits of the initial sediment wave, ~1.2 million t of new sediment (~10% of the amount released
from the two reservoirs) was stored along 18 river km of the mainstem channel and 25 km of floodplain chan-
nels. The Elwha River thus was able to transport most of the released sediment to the river mouth. The geomor-
phic alterations and changing bed sediment grain size along the Elwha River have important ecological
implications, affecting aquatic habitat structure, benthic fauna, salmonid fish spawning and rearing potential,
and riparian vegetation. The response of the river to dam removal represents a unique opportunity to observe
and quantify fundamental geomorphic processes associated with a massive sediment influx, and also provides
important lessons for future river-restoration endeavors.

Published by Elsevier B.V.
1. Introduction

Many fundamental, long-standing problems in earth-surface-
process research involve the need to understand how landscapes re-
spond to changing sediment supply (Gilbert, 1917; Antevs, 1952;
Eschner et al., 1983; James, 1989; Benda and Dunne, 1997; Ashworth
et al., 2004; Cowie et al., 2008; Covault et al., 2013). Well-controlled
laboratory and flume investigations provide valuable steps toward
understanding how sediment-supply pulses affect processes such
as stream-channel evolution, bar formation, and avulsion (e.g., Lisle
et al., 1997; Braudrick et al., 2009; Madej et al., 2009; Tal and Paola,
2010; Pryor et al., 2011); andmodeling studies allow simulated manip-
ulation of landscapes over a range of scales (e.g., Cui and Parker, 2005;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2014.08.028&domain=pdf
http://dx.doi.org/10.1016/j.geomorph.2014.08.028
mailto:aeast@usgs.gov
http://dx.doi.org/10.1016/j.geomorph.2014.08.028
http://www.sciencedirect.com/science/journal/0169555X


766 A.E. East et al. / Geomorphology 228 (2015) 765–786
Jerolmack and Paola, 2007; Karssenberg and Bridge, 2008; Wang et al.,
2011). However, opportunities to study landscape response to major
sediment influx over large field scales are much rarer and usually are
not anticipated in advance (e.g., dam failure, volcanic eruptions, land-
slides, or debris flows; Meyer and Martinson, 1989; Montgomery
et al., 1999; Hoffman and Gabet, 2007; Casalbore et al., 2011; Gran,
2012; Guthrie et al., 2012; Pierson and Major, 2014; Tullos and Wang,
2014). Therefore, landscape adjustment to a substantial sediment-
supply increase remains seldom quantified in the field. In this study
we analyze river channel and floodplain response to a uniquely large
and anticipated sediment pulse resulting from the largest dam removal
globally, on the Elwha River, Washington, USA (Fig. 1).

Conveyance of a large-scale sediment slug, or wave, down a gravel-
bed river can evolve through dispersion and translation (Nicholas et al.,
1995; Lisle et al., 1997, 2001). Grain-size distribution of the wave, grain
size relative to the extant bed, sediment-pulse volume, river discharge,
slope, and channel width all influence the speed and evolution of the
sediment wave (Lisle et al., 1997, 2001; Cui et al., 2003a,b; Cui and
Parker, 2005; Lisle, 2008; Sklar et al., 2009). In steep mountain rivers
with Froude numbers greater than about 0.4, sediment waves tend to
Fig. 1. Elwha River watershed and surroundings,Washington, USA. The Elwha River ‘middle rea
Elwha River ‘lower reach’ extends from Elwha Dam site to the river mouth. Box shows location
be dispersive with little translational behavior (Lisle et al., 1997, 2001;
Cui and Parker, 2005; Lisle, 2008), though some translation inmountain
river settings has beendocumented if thepulse grain size is smaller than
the preexisting bed, has a narrow grain-size distribution, and has a low
height-to-length ratio (Pitlick, 1993; Wohl and Cenderelli, 2000; Sklar
et al., 2009). For large sediment pulses released (i.e., eroded and
transported) during dam removal projects, Pizzuto (2002) posited
that dispersion with little translation would dominate sediment-wave
dynamics, but dispersion and translation together have been docu-
mented for dam removal projects with smaller sediment releases
(Simons and Simons, 1991; Doyle et al., 2002; Stanley et al., 2002;
Tullos et al., 2010).

Sediment-wave dynamics along a river system have important
implications for geomorphic evolution. For example, alluvial sections
of gravel-bed rivers subject to increased bedload and aggradation
often respond with channel widening and increased braiding (Leopold
and Maddock, 1953; Lyons and Beschta, 1983; Knighton, 1989; Madej
and Ozaki, 1996; Miller and Benda, 2000; Lauer et al., 2008; Pierson
et al., 2011; Czuba et al., 2012). For natural river systems where new
sediment is sourced from the upper watershed or from upstream
ch’ extends from Glines Canyon Dam site to the upstream end of former Lake Aldwell; the
of map in Fig. 3A.
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channel migration, increased bedload is usually associated with large
flood events. Determining whether channel change is caused by in-
creased bedload or by large floodswithout increased bedload, or a com-
bination of both, can be challenging (Lyons and Beschta, 1983). The field
setting discussed here allows examination of system response to a sed-
iment wave without the compounding influence of large floods.

Sedimentary and geomorphic effects of dams have been discussed
thoroughly by others (Williams and Wolman, 1984; Collier et al.,
1996; Doyle et al., 2002; Grant et al., 2003; Schmidt and Wilcock,
2008). To review briefly, dams commonly block fluvial sediment trans-
port, and dam operations can alter river flows substantially (Chien,
1985; Dynesius and Nilsson, 1994; Magilligan and Nislow, 2005;
Renwick et al., 2005; Syvitski et al., 2005; Grams et al., 2007; Kondolf
et al., 2014). Dam operations limit the amount and locations of fine-
sediment (sand and finer) deposits downstream from dams (Schmidt
and Graf, 1990; Hazel et al., 2006; Dade et al., 2011; Xu et al., 2013).
Such altered flow and sediment regimes affectmany ecosystem compo-
nents, altering nutrients and plant, animal, and soil communities (Ligon
et al., 1995; Merritt and Cooper, 2000; Vinson, 2001; Shafroth et al.,
2002a; Duda et al., 2011; Draut, 2012; Kibler and Tullos, 2013; Zhou
et al., 2013).

The ecological effects of dams, as well as the cost of maintaining or
upgrading aging structures, have led to dam removal becoming an in-
creasingly common river restoration option, with the recognition that
sediment released during dam removal can represent a substantial geo-
morphic and ecosystemperturbation, at least in the short term (Pizzuto,
2002; Poff and Hart, 2002; Service, 2011). Most of the N1100 dams
removed in the United States thus far (American Rivers, 2014) have
been b10 m high and impounded modest volumes (b1 million m3) of
reservoir sediment (e.g., Cheng and Granata, 2007; Burroughs et al.,
2009; Pearson et al., 2011; Sawaske and Freyberg, 2012). Within the
past decade, several larger dam removals have provided substantially
more information to scientists and managers concerning the physical
and biological responses to such events. Notable examples include
the removal of the 38-m-high Condit Dam on the White Salmon River,
Washington, in 2011, which instantaneously opened a reservoir
containing 1.8 million m3 of sediment (Wilcox et al., 2014); removal
of the 15-m-high Marmot Dam on the Sandy River, Oregon, in 2007,
behind which the reservoir was filled with 0.7 million m3 of sediment
(Major et al., 2012); removal of the 12-m-high Savage Rapids
Dam on the Rogue River, Oregon, in 2009, which had impounded
0.15 million m3 of sediment (Bountry et al., 2013); and removal of 13-
m-high Milltown Dam at the confluence of the Clark Fork and Blackfoot
Rivers,Montana, in 2008,which impounded 5.5 millionm3 of sediment,
almost half ofwhichwasmechanically removed tomanage contaminat-
ed material (Woelfle-Erskine et al., 2012). Dam removal research has
also been informed by unintended dam failure events, such as the fail-
ure in 2007 of the 38-m-high Barlin Dam, Taiwan, which impounded
10.5 million m3 of sediment (Tullos and Wang, 2014).

The Elwha River dam removal project, involving larger structures
and substantially more sediment than in the aforementioned exam-
ples (two dams, 64 and 32 m high, impounding ~21 million m3 of
sediment), represents an opportunity to study the effects of dam re-
moval and sediment release on a scale not possible in any previous
work. We have synthesized data from the first two years of dam re-
moval on the Elwha River to assess fluvial response to substantially
increased sediment supply over a two-year interval. Our data dem-
onstrate the dispersion of a large sediment wave and the resulting
geomorphic and sedimentary changes in the channel and floodplain
along a gravel-bed river. Together with complementary investiga-
tions of reservoir-sediment erosion (Randle et al., 2014-in this
volume), fluvial sediment transport (Magirl et al., 2014-in this
volume), and coastal evolution (Gelfenbaum et al., 2014-in this
volume), we characterize a systemwide response that is rare in its
scale, yet broadly applicable to other watersheds with major pertur-
bations to sediment supply.
2. Regional setting

The Elwha River flows for 72 km from steep terrain in the Olympic
Mountains to the Strait of Juan de Fuca on Washington's Olympic Pe-
ninsula (Fig. 1). It drains 833 km2, with 83% of the watershed within
Olympic National Park, an International Biosphere Reserve and World
Heritage site largely managed as wilderness. Steep slopes in the
tectonically active basin generate occasional landslides that supply
sediment from the upper watershed; glacial outwash alluvium and
proglacial lacustrine deposits supply additional sediment in bluffs and
terraces along the lower river (Tabor and Cady, 1978; Polenz et al.,
2004; Acker et al., 2008). The Elwha River flows through alternating
bedrock canyon and alluvial floodplain reaches, the latter having
island-braided morphology (cf. Harwood and Brown, 1993; Knighton
and Nanson, 1993; Beechie et al., 2006; Warrick et al., 2011). Along
much of its length, the mainstem Elwha River is a single, wandering,
gravel-bed channel (order B2 of Nanson and Croke, 1992), but in several
reaches large bars and vegetated islands separate multiple ‘mainstem’

threads. The slope of the alluvial sections is 0.4% in the lower reach
and ranges from 0.7 to 0.8% in the middle reach between two former
dam sites (Fig. 1; we refer to the reach between the dams as the ‘middle
reach’ or ‘middle Elwha River’ and the reach downstream from Elwha
Dam as the ‘lower reach’ or ‘lower Elwha River’).

The Elwha River floodplain includes 40 side channels in the middle
and lower reaches that are hydrologically connected to the river either
through surface flow, groundwater-sourced flow, or (in some places)
both. Floodplain channels provide important habitat for juvenile fish
and other aquatic organisms (e.g., McHenry and Pess, 2008). The flood-
plain also contains dense vegetation consisting of shrubs and hardwood
and conifer saplings and trees (Kloehn et al., 2008).

Completion of two dams at river kilometer (Rkm) 7.4 in 1913
(Elwha Dam) and at Rkm 21.6 in 1927 (Glines Canyon Dam) substan-
tially changed the physical and biological processes on the Elwha
River. Elwha Dam, 32 m high, impounded the Lake Aldwell reservoir
to an elevation of 30 m above the pre-dam bed. Glines Canyon Dam
was a 64-m-high concrete structure that impounded the Lake Mills
reservoir to an elevation of 56 m above the pre-dam bed. The dams
were built to supply hydropower to a timber and paper mill operation;
neither reservoir provided significant flood control or water supply
benefits. The two reservoirs inundatedmore than 9 km of former river-
ine habitat, reducing accessible habitat for anadromous salmonidfish by
90% (U.S. Department of Interior, 1996a); Lake Aldwell and Lake Mills
also trapped sediment andwood, reduced transport of organicmaterial,
and increased downstream water temperatures in late summer and
early fall because of heat storage in the reservoirs (Wunderlich et al.,
1994). Most dam operations after 1975 were largely run-of-the-river
hydrology (Johnson, 1994; U.S. Department of Interior, 1996a); howev-
er, there were more rapid daily flow fluctuations and lower daily mini-
mum flows than would have been natural, and occasional autumn
releases in dry years to protect native fish populations (Magirl et al.,
2011). Annual peak flows on the Elwha River occur from fall andwinter
storms; secondary peaks of longer duration and smaller magnitude
occur from spring snowmelt.

The dams virtually eliminated bed material sediment supply to
the river reaches downstream from Glines Canyon Dam (Childers
et al., 2000; Curran et al., 2009). The impoundment of 21 million ±
3 million m3 of sediment behind both dams (Randle et al., 2014-in
this volume) gradually coarsened the bed sediment downstream, as is
common in sediment-supply-limited river reaches downstream from
dams (Galay, 1983; Williams and Wolman, 1984; Dietrich et al.,
1989), forming an armored bed of predominately cobble grain size
(b256mm; Childers et al., 2000; Pohl, 2004; Draut et al., 2011). Thema-
jority of sediment was trapped in the former Lake Mills, behind Glines
Canyon Dam (16 million ± 2.4 million m3), where the reservoir sedi-
ment was composed of 44% silt- and clay-sized material (b0.063 mm)
and 56% coarser sediment. Former Lake Aldwell, behind Elwha Dam,
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contained 4.9 million ± 1.4 million m3 of sediment and was ~47% silt
and clay and 53% coarser sediment (Randle et al., 2014-in this
volume). Between one-third and one-half of the sediment in the two
reservoirs was projected tomove downstreamduring and after dam re-
moval (Randle et al., 1996; Konrad, 2009), eroded naturally by river
flows.

Removal of both dams began on 15 September 2011 (Fig. 2), with
the intention to restore the Elwha River ecosystem by allowing unim-
peded flow along the mainstem river (see Warrick et al., 2014-in this
volume, for summary). The dam removals proceeded in stages timed
to minimize negative effects on downstream infrastructure and ecosys-
temcomponents (Warrick et al., 2012). In this paperwedescribe chang-
es that occurred over the first two years of dam removal (mid-
September 2011 through mid-September 2013), in which Elwha Dam
was entirely removed and the height of Glines Canyon Dam was re-
duced by 75%. We assess the effects of the reservoir sediment release
on the downstream river and floodplain system, compare those effects
to outcomes that were predicted before dam removal, and consider im-
plications of this and other recent large dam removals for fluvial re-
sponse to major sediment influx.

From June 2011 to October 2012, Lake Mills and Lake Aldwell were
gradually drained of water, with progressive dam-removal notches be-
ginning in September 2011. The gradual, staged removal process drove
sediment in the two reservoir deltas to prograde toward the dams. Lake
Aldwell was entirely drained ofwater and coarse-grained sedimentwas
being transported past the former dam site as of mid-March 2012;
thereafter, deconstruction continued on the remaining portion of
Elwha Dam (which no longer exerted hydraulic control) until removal
was completed in September 2012. In October 2012, Lake Mills was en-
tirely drained of water; around 14October 2012, the reservoir sediment
in the former Lake Mills prograded to and overtopped the remaining
~16 m of Glines Canyon Dam, releasing bedload to the middle and
lower river. From November 2012 to September 2013, the removal of
Glines Canyon Damwas halted because of impacts to a water treatment
facility in the lower reach and to allow time for the river to redistribute
sediment within the former Lake Mills and along the fluvial channels
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downstream from the dams. Glines Canyon Dam removal resumed in
October 2013 and was completed in summer 2014.

3. Methods

Characterizing geomorphic response to the Elwha River dam re-
movals required synthesizing data collected by multiple research
groups over various spatial and temporal scales. We compiled methods
and data from all of these to quantify changes in riverbed and
floodplain-channel elevation and topography, bed sediment grain size,
and channel planform. From those results, we estimated the sediment
mass that accumulated in the mainstem river and floodplain channels
over two years of dam removal, forming the fluvial components of a
systemwide sediment budget (Warrick et al., 2014-in this volume). In
order to distinguish geomorphic change caused by dam removal from
natural variability, we compared measurements downstream from the
dam sites with those from a control reach upstream from the former
Lake Mills and to measurements in many of the same locations prior
to dam removal.

3.1. Bed elevation and topographic change detection

Wemeasured bed elevation and topographic change using a combi-
nation of temporally continuous water surface elevation monitoring in
the mainstem river, which detected topographic changes that affected
hydraulic control, and topographic surveys in the mainstem and flood-
plain channels that measured geomorphic change directly.

3.1.1. Water-surface-elevation monitoring
In sediment-laden rivers, stage of the water-surface elevation can be

used as a proxy to detect aggradation or incision of the bed, and thus the
evolution of a large-scale sediment wave (Smelser and Schmidt, 1998;
Lisle, 2008; Juracek and Fitzpatrick, 2009). Stage does not directly reflect
sediment accumulation but reflects the change in hydraulic control
immediately downstream from a monitored location and can be used
to infer geomorphic change at the hydraulic control. For river sections
2013
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with simple hydraulic geometry or linear stage–discharge relations,
changes in water-surface elevation for a given discharge provide a rea-
sonable approximation for sediment accumulation or incision at the
hydraulic control (Rantz, 1982).

To record stage of thewater-surface elevation along the ElwhaRiver,
the U.S. Bureau of Reclamation (USBR) and National Park Service (NPS)
deployed a stage-gage network of self-recording pressure transducers
along the middle and lower reaches in October 2011, with each trans-
ducer recording data every 30 min. Stage was also measured at the
U.S. Geological Survey (USGS) gaging stations 12046260 (Elwha River
at diversion, Rkm 5.1, hereafter ‘diversion gage’; Fig. 1) and 12045500
(Elwha River at McDonald Bridge, Rkm 13.5; hereafter ‘McDonald
Bridge gage’). Stage at the diversion gagewasmeasuredwith a pressure
transducer or acoustic Doppler velocimeter, whereas stage at the
McDonald Bridge gage was measured with a stilling well, pressure
transducer, or noncontact radar sensor as conditions changed (Magirl
et al., 2014-in this volume). Stage at the twoUSGS stationswas recorded
every 15 min except during instrument failure. The stage instrument at
the diversion gage failed for several days in 2012 (24 November, and 30
November to 10 December) as a result of damage from high flow
containing abundant sediment and debris.

Hydraulic control at the diversion gage was governed by a concrete
broad-crested weir 23 m downstream from the stage sensor. Although
sediment accumulated in localized pockets upstream from the weir,
observations and instrumentation indicated that little to none accumu-
lated on top of the weir (Magirl et al., 2014-in this volume). Therefore,
the stage–discharge relation at the diversion gage remained approxi-
mately constant during the study period. By comparing synchronized
stage values of the stage-gage network against the stage measured at
the diversion gage, we determined the relative change in stage of the
stage-gage network. We synchronized discharge between the stage-
gage network and the diversion gage by calculating the travel time of
flow peaks between gages. By tracking the relative arrival time for
dozens of individual peaks (caused by dam deconstruction activities
or heavy rainfall) the wave routing celerity was found to be 5.3 and
2.6 km/h in the middle and lower reaches, respectively. The presence
of the Lake Aldwell reservoir until April 2012 lengthened the peak-
routing time between the middle-river gage (McDonald Bridge gage)
and the diversion gage. At the start of dam removal in September
2011 the peak wave routing delay between the McDonald Bridge and
diversion gages was 6.8 h, but decreased with the shrinking reservoir
in a piecewise linear fashion to about 1.6 h by late April 2012.

The slope of the stage–discharge relation of a gage in the network
differed from the stage–discharge relation at the diversion weir. In
order to de-trend the stage data from fluctuations in stage owing to
variable discharge and to produce a continuous data set of water surface
elevations at a given stage gage, differences in the stage–discharge rela-
tion between stage gages and the diversion gage were corrected using
the ratio of stage between comparison gages fromSeptember toDecem-
ber 2011. We assumed that negligible geomorphic change occurred in
those first four months of dam removal, a time of modest peak flows
and little release of bedload material from either reservoir. This stage–
relation ratio allowed adjustment of data from the gage network against
the comparative stage measured at the diversion weir for the entire
gaging record, thus standardizing the stage–discharge relations
between the stage-gage network and the diversion gage. The amplitude
of the detected change in water surface elevation may not reflect well
the amplitude of sediment accumulation on the river bed, owing to
differences in hydraulic control and stage–discharge relation unique to
a given stage-gage sensor. Also, the correlation between water surface
elevation and bed aggradation is strongest for simple, prismatic channel
shapes, and inconsistencies between variables may develop with com-
plex channel topography or complex flow hydraulics. Although the
stage-gage network captures general trends in water surface elevation
that are broadly indicative of bulk aggradation and can be used to detect
sediment wave dispersion, detecting and verifying sediment wave
translation, which depends on precise temporal measurements of bed
sedimentation, is more difficult.

We estimated that the stage-gage analysis had an accuracy of about
0.2 m, such that reported stage changes of N0.2 m likely represent sig-
nificant changes in water surface elevation in the river corridor. This
represents a conservative treatment of uncertainty in the stage-gage
data; independent measurements by USGS personnel at the McDonald
Bridge gage during the study found that reported changes in stage at
McDonald Bridge using these methods were within 0.1 m of the actual
shifts in the stage–discharge rating.

3.1.2. High-resolution topographic surveys
Within the lower Elwha River, three alluvial subreaches 100–200 m

longwere targeted for spatially intensive measurements that combined
terrestrial lidar (light detection and ranging) scans with total-station
surveys. Reaches 1, 2, and 3 (Fig. 3A) were selected to represent a vari-
ety of geomorphic conditions and increasing distance downstream from
the dams. Reach 1 was 172 m long, centered at Rkm 5.5, and contained
six cross sections. Reach 2, 110 m long and containing four cross sec-
tions, was within the ‘old mainstem’, an anabranch that received less
than half of the river discharge after a large flood in December 2007
altered the mainstem channel configuration slightly. Reach 3 spanned
a 112-m-long section centered at Rkm 0.6 and contained six cross sec-
tions. An additional control reach, which contained five cross sections
centered 1.5 km upstream from Lake Mills, was surveyed to provide a
comparison with the downstream areas affected by dam removal. For
a detailed discussion of channel evolution in the same subreaches in
the five years preceding dam removal, see Draut et al. (2011).

We surveyed these four mainstem subreaches five times between
September 2011 (before dam removal) and September 2013, in spring
and fall, to resolve changes associated with winter storm floods and
spring snowmelt flows. Channel perpendicular cross sections were
surveyed using a prism rod and total station. Terrestrial lidar scans
were collected in each of those subreaches in September 2011 using a
Maptek I-Site 4400 scanner and in September 2013 using a Riegl
VZ1000 scanner. The data were filtered using Maptek I-Site software
to remove as much vegetation and other objects as possible. Geodetic
control for each study reach was established through static differential
GPS occupations referenced to the National Geodetic Survey network
of continuously operating reference stations (CORS). Positional accuracy
of topographic surveys was estimated to be within 2–4 cm. Spatial
registration of the terrestrial lidar scanners was accomplished using
the same total station and control network used to measure the cross
sections, ensuring that the measurements from each instrument were
accurately registered to one another. The same survey control network
wasused in September 2011 andSeptember 2013, ensuring a consistent
spatial reference system for each data set.

We also measured geomorphic change in representative examples
of the 40 floodplain channels (30 in the middle Elwha River and 10 in
the lower river). These channels, which have a combined length of
~25 km, differed hydrologically depending on whether they originated
entirely fromgroundwater,were connected directly via surfacewater to
the mainstem channel, or were groundwater discharge much of the
year but hadmainstem connection duringmoderate to high (overbank)
flow. Surveys were repeated in eight floodplain channels (four each in
the middle and lower reaches) in summer/fall 2010, 2011, 2012, and
2013 and in winter 2011, 2012, and 2013 to assess sediment deposition
before and during dam removal.

We used a modified thalweg profile (Mossop and Bradford, 2006)
coupled with three cross sections in each of the eight resurveyed flood-
plain channels to quantify changes in their morphology. Within the
thalwegs of floodplain channels, at 40 to 100 survey points that were
uniformly spaced unless an obvious elevation change warranted closer
spacing, we measured bed elevation, water depth, wetted width, and
substrate grain size (Section 3.2), and noted geomorphic settings that
characterized habitat type (pool, riffle, or glide). We also measured
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Fig. 3.Water-surface elevation changes during the Elwha River dam removal. (A)Map of Elwha River showing location of stage gages (indicated by colored ‘+’ symbols)measuringwater
surface elevation. Four other subreaches (control reach above the former Lake Mills, and reaches 1, 2, and 3 within the lower Elwha River) were locations of high-resolution topographic
surveys discussed in the text. The ‘oldmainstem’ indicates a 2.6-km-long branch of the lower reach that was themain flow path prior to a large flood in December 2007. (B) Middle reach
water surface elevation at Rkm18.3, 15.3, 13.5, and 12.4. (C) Lower-reachwater-surface elevation at Rkm5.5, 3.8. and 0.6. (D) Bedload (N2mm)measured at Rkm5.1 (Magirl et al., 2014-
in this volume). (E) Hydrograph, measured at the USGS gaging station 12045500 (Rkm 13.5). Dashed line shows 2-year peak flow (Q2, 399 m3/s) calculated from a log Pearson type III
flood frequency analysis using discharge data from 1897 to 2013, with low outliers removed using the Multiple Grubbs–Beck test. Discharge curve is plotted as daily average values;
asterisks show instantaneous peak discharge for the four highest flow events during the study interval.
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bed elevation, wetted width, and grain size at three channel cross
sections located at the upstream end, middle, and downstream end of
each surveyed floodplain channel.

New sediment thickness in the eight repeatedly sampled floodplain
channels was measured along the thalweg profile using a 2.54-cm steel
rod hammered through the newly deposited sediment to the pre-dam-
removal bed. In addition to in-channel measurement of sediment
thickness, we also used benchmarks along the floodplain channels to
measure changes in streambed elevation of the floodplain channels.
These measurements had an average observation error of b15%, which
we calculated from a simulation study to estimate the impact of obser-
vation error on the derived metrics. We first estimated the distribution
of observation errors in angle measurements used to estimate vertical
distance from one point to the next. We assumed that the measure-
ments were unbiased and normally distributed. The standard deviation
of measurements was estimated to be 0.5°. Using this error we then
simulated the same profile 1000 times with errors generated from
the observation error distribution (normal with mean of 0 and s.d. of
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0.5). We then examined the resulting distributions of profile statistics
(described above) to assess their sensitivity to measurement error.
These observation error simulations revealed that thalweg profile
measurements had a coefficient of variation (CV) of b15% for several
metrics, including channel gradient, the proportion of pools, the maxi-
mum depth of the floodplain channel, the mean maximum depth, and
the mean square error. Therefore, we assumed that the relative bed
elevations measured during the floodplain channel surveys also had a
CV of b15%.

3.1.3. Longitudinal profiles
We measured longitudinal profiles of the Elwha River mainstem

channel bed and water surface elevation along the middle and lower
reaches prior to the start of dam removal in early September 2011 and
again during dam removal in July 2012, November 2012, and May
2013. Profile data were collected by boat with a mounted acoustic
Doppler current profiler (ADCP) or single-beam depth sounder com-
bined with survey-grade GPS equipment to measure water surface ele-
vation. The water stage data were collected in rapid mode, i.e., storing
one observation every 1 to 2 m along the path of the boat. In the Sep-
tember 2011 survey before dam removal, we completed multiple boat
passes across the channel at numerous locations to ensure that the
longitudinal profile followed the thalweg. In the surveys during dam re-
moval, boat paths generally followed the new, shallower channel
thalweg during each survey; channel margins during dam removal
were too shallow to measure with depth-sounding equipment. We
combined depth data with water surface elevation data to compute
channel bed elevations. Depth and water surface elevation data were
then projected to the closest point along a common channel centerline
for all surveys (using ArcGIS) to generate longitudinal profiles. Longitu-
dinal profile data had a vertical accuracy of ±0.2 m based on survey
equipment specifications and as much as ±0.3 m when accounting for
water turbulence and substrate variability along the channel bed.

3.2. Bed sediment grain size

Comparing bed sediment grain size before and during dam removal is
a crucial component of analyzing both the physical changes and potential
ecological effects of the Elwha River restoration. Prior to dam removal, we
used pebble counts (cf. Wolman, 1954) to document bed sediment grain
size of riffle crests and subaerially exposed bars along the active channel
throughout the middle and lower reaches (U.S. Department of Interior,
1996a). After dam removal began, we collected pebble counts and bulk
samples on recently active (subaerially exposed, unvegetated) sediment
bars. Pebble counts, which were used up until September 2012 (prior to
major bedload release from the former Lake Mills reservoir), used a stan-
dard 100-countmethod along channel-perpendicular transects; size clas-
ses were recorded using a gravelometer. Beginning in November 2012,
after bedload release had made riverbed sediment too fine for pebble
counts to be feasible inmany places, bulk sediment sampleswere collect-
ed and analyzed instead. Each bulk sample included ~38 L of sediment
from a 1-m × 1-m square, extracted from the uppermost 10 cm of sub-
strate using a trowel. Sediment 16 mm and coarser was sieved in the
field, and sediment finer than 16 mm was dried and sieved down to
0.062 mm at the Analytical Resources, Inc., laboratory in Seattle, WA. Re-
sampling of extant ripple crests after dam removal had not been repeated
as of this writing, owing to burial of former ripple crests and flows not
having been low enough to allow extensive thalweg sampling.

Within the four mainstem subreaches (reaches 1–3 in the lower
Elwha River and the control reach above the former Lake Mills), bed
sediment grain size was measured using the CobbleCam technique of
Warrick et al. (2009). This method uses an autocorrelation algorithm
of pixels in digital photographs (Rubin, 2004) to calculate mean grain
size of sediment ranging frommedium sand to boulders and is accurate
to within ~14% for grain sizes up to 200 mm in natural field lighting
(Warrick et al., 2009). Downward-looking photographs were taken of
subaerially exposed, unvegetated sediment at locations that included
the survey cross sections (Section 3.1.2) and, after dam removal
began, along additional, representative transects across any new sedi-
ment deposits that did not fall on a survey cross section. For sediment
finer than medium sand, we measured grain size using a Coulter laser
particle size analyzer at the U.S. Geological Survey sediment laboratory
in Santa Cruz, CA, after having removed organicmatter with a hydrogen
peroxide solution.

Within the eight floodplain channels measured, we conducted peb-
ble counts using a standard 100-count method (cf. Wolman, 1954)
along each of the three channel cross sections.

3.3. Channel planform analysis

To assess the effect of increased sediment supply on channel
planform, we analyzed the mainstem sinuosity and degree of channel
braiding evident in aerial imagery. Aerial composite, pixel-averaged
orthoimages were generated from multiple overflights with a fixed-
wing plane operated by the National Park Service during dam removal.
The orthoimages used overlapping digital photographs containing
ground control points of known location and elevation to obtain high-
resolution topography using Structure-from-Motion (SfM), a technique
developed for computer vision (Snavely et al., 2008; Westoby et al.,
2012; Javernick et al., 2014; Randle et al., 2014-in this volume). Channel
sinuosity and braiding index were determined for four sets of aerial im-
ages taken during low flow—one from 25 August 2011, shortly before
dam removal began, at a river discharge of 34 m3/s, and three sets
taken during dam removal: 10 August 2012 (29 m3/s), 13 February
2013 (35 m3/s), and 19 September 2013 (9 m3/s).

We delineated bank lines and sediment bars on the orthoimages
using ArcGIS and digitized them at a scale of 1:500. Channel center
lines were derived by computing polygons on the vertices of the bank
lines, then removing polygon edges intersecting the channel margins
and removing dangling nodes. Downvalley distance was measured as
a straight line from the beginning to the endpoint of the channel center-
line, considering the middle and lower reaches separately. Mainstem
sinuosity was calculated as the length of the channel carrying the
most water, divided by downvalley distance. We quantified channel
braiding index in terms of total channel length, calculating the sum of
mid-channel lengths of all channels divided by the length of the
mainstem centerline (Friend and Sinha, 1993). This method evaluates
a slightly different braiding characteristic than those based on the
total number of channels (Howard et al., 1970; Egozi and Ashmore,
2008) but provides results that are fundamentally the same (Draut
et al., 2011).

3.4. Sediment accumulation estimates

We used the topographic, sedimentary, and channel planform mea-
surements together to estimate the sediment mass accumulation in the
Elwha channel and floodplain after the first two years of dam removal.
We used two methods to estimate accumulation in the mainstem river
and three methods to estimate accumulation in the floodplain channels.

To estimate the sediment accumulation in the mainstem channel as
of September 2013, our two methods, M1 and M2 (mainstem 1 and
mainstem 2), were based on separate data sets that covered different
portions of the river corridor at variable spatial and temporal scales.
For the eventual mass-balance calculations (Section 4, and Warrick
et al., 2014-in this volume)we relied onM2because of its greater spatial
coverage after having verified its accuracy by comparison with the re-
sults of M1 in the lower river.

Method M1, which applied only to the lower river, was based on vol-
ume change measured from the combined high-resolution total-station
and terrestrial lidar surveys in the four subreaches (Section 3.1.3) in
September 2011 and September 2013. Because terrestrial lidar scans de-
tect subaerially exposed surfaces but cannot resolve the subaqueous
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riverbed, the elevation differences in subaqueous areas of the four
subreaches were measured using the cross sections surveyed with a rod
and total station contemporaneously with lidar data collection. To calcu-
late volumetric change in each subreach over those two years, we gener-
ated triangulated irregular network (TIN) surfaces of each data set by
merging the subaqueous total-station cross sections with the subaerial
lidar data. Break lines were manually inserted along banks, parallel to,
and between subaqueous total-station transects to minimize across-
channel interpolation errors. These break lines ensured that each TIN
was faithful to the total-stationmeasurements for the subaqueous regions
and faithful to the lidar data for the subaerial regions.

To calculate volumetric change, each TINwas converted to a gridded
surfacewith a 0.1-m cell size. Digital elevationmodels (DEMs) of differ-
ence (DoD)were created by differencing the 2013 DEMs from the 2011
DEMs. Elevation changes below the reliable level of detection (LoD) for
each surface were removed, or thresholded, based on techniques
outlined by Brasington et al. (2003), Lane et al. (2003), and Wheaton
et al. (2010). To calculate the LoD values used for thresholding, eleva-
tion uncertainties for each DEM were estimated by comparing individ-
ual grid-cell elevations to independent contemporaneous total-station
measurements. The standard deviation of the elevation (SDE) residuals
between these total-station check data and the DEM was used to esti-
mate a uniform elevation uncertainty for the entire surface. The DEM
elevation uncertainties were summed in quadrature to calculate a min-
imum LoD for the elevation changes between September 2011 and Sep-
tember 2013. The LoD was used to remove all elevation changes below
the 95% confidence limit for reliable detection. The remaining elevation
changes were used to calculate net volume change.

To estimate uncertainty in the net volume calculations, we estimat-
ed unsystematic and systematic errors using the independent total-
station check data. Unsystematic errors were estimated using the SDE
and propagated through the volume calculations using the method of
Lane et al. (2003). Systematic error was estimated using the mean bias
error (MBE) of the residuals between the independent total-station
measurements and each DEM. These were summed and multiplied by
each subreach analysis area to estimate a total volume uncertainty for
each LoD. The MBE of the total-station check data residuals likely over-
estimates the measurement uncertainty; total-station measurements
and terrestrial lidar measurements tend tomeasure different elevations
in a given local surface if the substrate is coarse-grained, as was the case
before dam removal in September 2011. Total-station measurements
rely on a prism rod being placed on the ground, often preferentially
between large sediment clasts (e.g., cobbles) instead of on top of
them. Terrestrial lidar measurements optically record the top surfaces
of large clasts and, to a lesser degree, slightly lower elevations between
clasts. Thus eachmeasurement technique tends to be biased toward dif-
ferent elevations of the same local surface, and the MBE between the
two is partly a function of surface roughness or grain size. Even with
very high instrument precision, a comparison of measurements record-
ed from each system would likely reveal some vertical bias that would
not be indicative of truemeasurement uncertainty. A significant portion
of the systematic volume uncertainty calculated using this technique
likely results from these differences in the measurement techniques;
however, these sources of MBE remained small enough (b0.05 m verti-
cal error) that a clear signal was ultimately detected (Section 4.4).

The sediment volume difference for each subreachwas converted to
mass assuming a dry bulk density range of 1200–1700 kg/m3. The low
end of this range (1200 kg/m3) represents themean of dry bulk density
values that we measured in 13 samples of post-dam-removal sediment
collected from channel margin bars in the mainstem river in March
2013 and analyzed in the Santa Cruz USGS laboratory. At that time it
was not feasible to sample the new mid-channel bars, which were
largely submerged and unstable; however, grain size analysis of their
surface sediment later in 2013 revealed that granule and pebble sizes
were dominant (discussed below). Therefore, our March 2013 bulk
density analyses were assumed to be biased toward the finer grain
sizes present. To more fully represent the likely density range in the
new deposits, we used 1700 kg/m3 as a suitable end-member value
for poorly sorted coarse sediment (sand, gravel, and cobbles; Geiger,
1963), which was also representative of the mean bulk density in the
Elwha reservoir sediment (Wing, 2014).

The inferred mass accumulation in reach 1, the subreach with
channel dimensions and morphology considered most representa-
tive of the lower river in general, was divided by the subreach length
(172 m) to yield a mass per unit river length. Extrapolating this mass
per unit river length along 6.6 km of the lower river yielded a value
for new sediment mass in the lower Elwha River mainstem. Added
to that was an estimate calculated similarly for reach 2; the inferred
mass per unit river length accumulating in reach 2 was extrapolated
along the 2.6-km-long old mainstem channel. Finally, for the lower-
most 0.3 km of the lower river, downstream from the last riffle, we
calculated the new sediment mass based on similarly combined
lidar and cross section survey data from reach 3. We used a separate
extrapolation for that lowermost portion of the river because reach 3
was (and is) geomorphically unconfined, contained an exceptionally
large pool in 2011, and experienced backwater effects where the
river meets the Strait of Juan de Fuca, all of which contributed to
that subreach accumulating an exceptionally large amount of sedi-
ment per unit river length. Volumetric change in the lower river
was also compared against that measured in the control reach, up-
stream from the former Lake Mills, where surface change between
September 2011 and September 2013 was analyzed using the same
procedure just described.

A second method, M2 (mainstem 2), was used to estimate sediment
accumulation in the middle reach, where high-resolution terrestrial
lidar and total-station survey data were not available, and in the lower
reach, where its accuracy was appraised by comparing its results with
those ofmethodM1. InmethodM2we calculated sediment accumulation
in the mainstem channel as of September 2013 based on computed vol-
ume change for the entire length of the middle and lower river reaches
from differences between pre- and post-dam-removal DEMs covering
the unvegetated (recently active) channel area. We developed a DEM
suitable for representing the pre-removal middle and lower mainstem
Elwha River by combining subaerial topographic data from an April
2012 aerial lidar survey with bathymetric data collected from boat-
mounted ADCP bathymetric surveys in summer 2011. We used the
April 2012 aerial lidar data because, although those data were collected
after the start of damremoval, they preceded themajor release of bedload
sediment from either reservoir and so preceded substantial geomorphic
change, as we show below (Section 4). In an approach similar to method
M1, in method M2 we separated lidar and ADCP measurements with a
break line inserted at the water edge of the lidar data. In a few areas of
the river that were inaccessible by boat in summer 2011 or had poor
GPS coverage,we estimated depths for thewetted channel based onmea-
suredwater surface elevationsminus depth values based on channel bot-
tom measurements from earlier surveys (U.S. Department of Interior,
1996a). Depth estimates were informed by aerial lidar data and by mea-
sured values over comparable geomorphic features. Channel bed eleva-
tions were then interpolated using a spline algorithm and the ADCP
data with the shoreline as the break line. The lidar and interpolated ba-
thymetry then were used to construct a TIN and generate a DEM.

Post-dam-removal elevations were partitioned into subaerial and
subaqueous components by digitizing bank lines and bars from 19
September 2013 orthoimagery, as described in Section 3.3. Subaerial
deposition as of September 2013 was calculated by differencing
elevations measured from the 19 September 2013 SfM-derived DEM
from the pre-dam-removal DEM to create a DoD for subaerial surfaces.
New sediment thickness below the water surface was calculated by
generating a top-of-sediment DEM based on channel bottom profiles
surveyed with ADCP or single-beam sonar on 30 July and 1 August
2013 in the middle and lower river, and subtracting the pre-dam-
removal DEM to create a DoD for the subaqueous regions. Because the
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water was turbid during those summer 2013 channel bottom surveys,
we verified depth data by manual probing throughout the bathymetric
data collection. For the first 1.5 Rkm downstream from each dam site,
the subaqueous portion of the new sediment volume was estimated
by assuming that the pre-dam-removal pools had filled with sediment,
based on aerial photographic and direct field observations. Values from
the subaerial and subaqueous DoDs were summed to calculate total
sediment storage volume in the middle and lower reaches.

We estimated uncertainty for each DoD generated using method M2
by assuming that the vertical error of the pre- and post-dam-removal
DEMs was normally distributed (Taylor, 1997; Lane et al., 2003). Uncer-
tainty was computed separately for the subaerial and bathymetric DoDs.
Bathymetric vertical uncertainty was calculated by summing in quadra-
ture the estimated vertical errors associated with equipment specifica-
tions and boat movement. A thorough review and post-processing of
bathymetric data were assumed to have removed systematic errors. A
constant vertical error multiplier was then added to account for areas
where data had to be extrapolated to develop a continuous 3-m2 DEM.
Subaerial vertical uncertaintywas calculated using the standard deviation
of checkpointmeasurements for airborne lidar and SfMDEMs (Lane et al.,
2003). Following error propagation principles (Taylor, 1997), uncertainty
for each DoDwas then calculated using the method of Lane et al. (2003).
Assuming independent, randomerror, where two surfaceswith a concur-
rent regular grid-cell size are differenced, the volumetric uncertainty can
be derived by integrating the uncertainty of each grid cell (Eq. 15 of Lane
et al., 2003). We applied this uncertainty-propagation method using the
larger grid-cell size of the pre-removal DEM for the subaerial and sub-
aqueous DoDs. Uncertainty for each DoD was then summed, rather than
summed in quadrature, because both post-removal DoDs relied on the
same pre-removal DEM and therefore could not be considered indepen-
dent and because eachDoD represented a separate portion of the analysis
area. The actual uncertainty likely varies spatially owing to topographic
complexity, GPS dilution of precision, water turbulence, and SfM ground
control. These additional sources of error, which are difficult to quantify,
are the subject of active research (Wheaton et al., 2010; Milan et al.,
2011). Finally, to convert sediment volume to mass, we assumed a dry
bulk density range of 1200–1700 kg/m3.

We used our floodplain surveys (Section 3.1.2) to estimate the total
new sediment volume in floodplain channels using three different
methods. Our techniques for volume change estimation in floodplain
channels differed from those in the mainstem river because the abun-
dant floodplain vegetation greatly complicates DEM generation from
either airborne or ground-based remote-sensing data. Floodplainmeth-
od 1 (F1) assumed the same average new sediment depth (0.41 m) in
each of the floodplain channels in the middle and lower reaches. The
average sediment depth was based on the average accumulation
depth measured in the eight floodplain channels during dam removal
(Section 4). Method F1 also assumed no change in channel dimensions
frompre-dam-removal hydraulic geometry and simplefilling of aflood-
plain channel. We then calculated the estimated sediment volume for
all eight floodplain channels measured and compared that to the actual
accumulation depths and widths measured to generate a correction
factor that could be applied to the 32 floodplain channels not measured
(correction factor = 1.06). Hence, sediment accumulation using meth-
od F1 was estimated as channel area × 0.41 × 1.06.

Floodplain method 2 (F2) used a combination of the cross sections
and thalweg profile to estimate the amount of sediment accumulation
in the floodplain channels. First we calculated the area of sediment
that accumulated at each cross section (xsAreaj) using the cross section
data from each of the eight floodplain channels remeasured (Eq. (1)):

xsAreaj ¼
Xn

i¼1

xsDistiþ1−xsDisti
� �

xsSedDepthi þ xsSedDepthiþ1
� �

2
ð1Þ

where j is the number of the individual cross section, incremental values
of i represent consecutive surveyed points in the cross-channel
direction, and n is the total number of surveyed points in each cross sec-
tion. These areas were then standardized by dividing by the sediment
depth at the cross section pointwith the lowest elevation (approximate
location of the thalweg, xsSedDepth):

xsAreaStndj ¼
xsAreaj

xsSedDepthmin elevationð Þ
: ð2Þ

For each segment of the thalweg profile, the volume of new sedi-
ment (segVoli) was estimated as the segment length times the average
of the nearest two cross section areas, which defined the start and end
points of the thalweg segment (Eq. 3):

segVoli ¼ thDistiþ1−thDisti
� � � xsAreaStnda � thSedDepthi þ xsAreaStndb � thSedDepthiþ1

2

ð3Þ

where a and b represent the cross sections assigned to thalweg points
(i) and (i+1), respectively; thDisti and thDisti+ 1 represent the distance
from the first survey point (1) to (i) and (i + 1) survey points, respec-
tively. The two areas (of new sediment at the start and end points of
each thalweg segment) were scaled to the thalweg points by multiply-
ing the assigned standardized cross section area (xsAreaStndj) by the
depth of new sediment at those points measured in the thalweg profile
(thSedDepthi). We then summed the volumes of each segment in the
thalweg profile to estimate the total sediment volume for the thalweg
profile (totVol):

totVol ¼
Xn

i¼1

segVolið Þ: ð4Þ

Finally, we compared the estimated totVol to the estimated amount
for all eight floodplain channels measured, and calculated a correction
factor that could be applied to the sum of all 32 floodplain channels
not measured. The correction factor for method F2 was 1.64.

Floodplain method 3 (F3) was a hybrid of F1 and F2. As in F1 we
assumed the same average sediment depth (0.41 m) in each of the
floodplain channels in themiddle and lower reaches, except thatwe es-
timated sediment accumulation separately for each of the eight chan-
nels measured rather than for the aggregate area of all eight channels
as in F1. Method F3 also assumed no change in channel dimensions
from pre-dam-removal hydraulic geometry and a simple filling of a
floodplain channel. We then calculated the estimated amount for all
eight floodplain channels measured and compared that to the actual
amount measured to come up with a correction factor that could be
applied to the sum of all 32 floodplain channels not measured. The
correction factor for method F3 was 2.44. Notably, each of the methods
necessitated using rather substantial correction factors, a result of sedi-
ment having accumulated in spatially nonuniform patterns.

After obtaining volume estimates for floodplain channels using
methods F1, F2, and F3, we converted the volumes to mass assuming a
dry bulk density range of 1200–1700 kg/m3. We assumed that deposi-
tion on the floodplain outside of floodplain channels was negligible
between September 2011 and September 2013. Although several flood-
plain locations accumulated new sediment in some areas outside of
channels (Draut and Ritchie, 2013; P.B. Shafroth, unpublished data),
these deposits were small, discontinuous patches, as river flows had
not been high enough to deposit sediment over a substantial area out-
side of the floodplain channels.

4. Results

A large influx of sediment from the two former reservoirs (Curran
et al., 2013; Magirl et al., 2014-in this volume; Randle et al., 2014-in
this volume) substantially affected the Elwha River morphology and
sediment composition in the first two years of dam removal. During
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that time ~6 million m3 of reservoir sediment (9.1 million t) were re-
leased from the former Lake Mills and 1.1 million m3 (1.4 million t)
were released from former Lake Aldwell (Randle et al., 2014-in this
volume), totaling 7.1 million m3 (10.5 million t) and representing
~37% and ~23%of the total stored sediment in theMills and Aldwell res-
ervoirs, respectively. Given that the natural annual sediment loadwould
have been 217,000–513,000 t (Curran et al., 2009; Czuba et al., 2011),
this reservoir sediment release represented several decades' worth of
stored sediment.

Sediment accumulation downstream from both dam sites was evi-
dent in all of our measurements of topography, sediment composition,
and channel planform. We are confident that the new sediment in the
middle and lower Elwha River was supplied from the two former reser-
voirs, rather than being a natural supply increase from the upper water-
shed (e.g., from a landslide that could have been undetected in such a
remote wilderness setting), because the control reach upstream from
A

B

D

F

Fig. 4. Examples of topographic change on channel-perpendicular transects in the mainstem E
tember 2011 (before dam removal), August 2012, and September 2013, respectively. Locatio
the former Lake Mills, unaffected by dams or their removal. (B) Transect at Rkm 5.5, one of six
in (B), corresponding to Rkm5.9. (D) One of four transects within the 2.6-km-long oldmainstem
location in (D), corresponding to Rkm 4.0. (F) Transect at Rkm 0.6, one of six transects within r
Rkm0.7. The samemainstem transects in A, B, D, and Fwere also surveyed in April 2012 andMa
relative to NAVD88 datum. Elevations of floodplain profiles (C, E, G) are given relative to eleva
the former Lake Mills remained unchanged (discussed below). More-
over, estimated bedload into the former Lake Mills from the upstream
watershed, based on established sediment–rating curves (Curran
et al., 2009), was a modest 8000 t from September 2011 to September
2013 (Magirl et al., 2014-in this volume). Notably, the observed changes
occurredwithout the river having approached flood stage between Sep-
tember 2011 and September 2013. The highest discharge on the Elwha
River within those two years was 291 m3/s on 23 November 2011,
representing 73% of a 2-year peak flow event.

4.1. Bed elevation and topographic change

Stage-gage measurements (Fig. 3A–C) showed changes in water-
surface elevation that were broadly indicative of changes in riverbed
elevation. Water-surface elevations provided a record at high temporal
resolution that complemented the bed-elevation changes measured
C

E

G

lwha River and floodplain channels. Gray, red, and black lines show bed elevation in Sep-
ns are as shown in Fig. 3A. (A) One of five transects in the control reach, upstream from
transects in reach 1. (C) Transect across a floodplain channel near the mainstem location
anabranch (reach 2), lower river reach. (E) Transect across a floodplain channel near the

each 3. (G) Transect across a floodplain channel near the location in (F), corresponding to
rch 2013 (data not shown, for clarity). Elevations ofmainstemprofiles (A, B, D, F) are given
tion at the stream-left edge of each channel as measured in the initial survey.
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directly in the less frequent but higher spatial resolution topographic
surveys (Figs. 4, 5, and 6). Water-surface-elevation changes through
the middle and lower reaches corresponded temporally with elevated
bedload (Fig. 3D). Hence, we compared daily bedload N2mmmeasured
at the diversion gage to changes in bed and water-surface elevation
(Fig. 3D; data from Magirl et al., 2014-in this volume); we assumed
strong correspondence between bedload (sand and gravel) and detect-
able topographic change. Bedload was not measured from September
2011 to September 2012, but analysis by Magirl et al. (2014-in this
volume) indicated that bedload at the diversion gage over that first
year of the study was about an order of magnitude less than bedload
in the second year (September 2012–September 2013).

In the first year of dam removal, the modest flow regime (no flows
approaching the two-year flood) coupledwith a load of only suspended
sediment passing Glines Canyon Dam did not affect water-surface ele-
vation measurably in the middle reach (Fig. 3B). The stage gages at
Rkm 18.3, Rkm 15.3, and Rkm13.5 showed changes in water surface el-
evation of b0.1 m through the first year (Fig. 3B). An apparent slight
stage increase in middle-reach gages between May 2012 and August
2012 reflected differences in the stage–discharge relation that were
not fully corrected; the apparent aggradation thenwas likely an analysis
artifact (Fig. 3B). The stage gage at Rkm12.4was positioned in the head-
waters of the former Lake Aldwell sediment delta. Our data showed a
small decrease in water-surface elevation at Rkm 12.4 in 2012, which
reflected incipient incision of the river into Lake Aldwell reservoir sedi-
ment in response to lowered base level. However, that water-surface
elevation decrease at Rkm 12.4 was on the same order of magnitude
as our observation uncertainty.

Changes in water-surface elevation in the lower Elwha River during
thefirst year of dam removalwere of a similarmagnitude to those in the
middle reach (Fig. 3C), despite the fact that bedload derived from the
former Lake Aldwell reservoir deposit was passing the Elwha Dam site
Fig. 5. Example of topographic change measured by combining terrestrial lidar scans and
total-station surveys. Images show topographic change in reach 1, spanning Rkm 5.4–5.6
in the lower Elwha River, between (A) September 2011 and (B) September 2013. New
sediment deposition during dam removal is apparent as bed aggradation and new bar
formation. Width of TIN surface at the foreground (downstream end) of each image is
~90 m. Elevations are given relative to NAVD88 datum.
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0.51.52.53.54.55.5
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Fig. 6. Longitudinal profiles of the Elwha River. Each plot shows thalweg bed elevation
from a pre-dam-removal survey (gray), and subsequent profiles surveyed during dam
removal (red and black). (A) Profile of the middle reach from Rkm 19.0 to Rkm 15.5.
(B) Profile of the middle reach from Rkm 15.5 to Rkm 12.0. (C) Profile of the lower
reach from Rkm 5.5 to Rkm 0.5. Elevations are given relative to NAVD88 datum.
by April 2012 (Magirl et al., 2014-in this volume). Stage gages at Rkm
5.5, 3.8, and 0.6 through September 2012 all recorded changes in
water surface elevation of b±0.1 m. This is broadly consistent with di-
rect bed measurements in the lower reach, where aggradation on the
order of 0.1 m was typical as of spring and summer 2012, largely in
the form of sand andmud having deposited in interstitial spaces within
the pre-dam-removal cobble bed (Draut and Ritchie, 2013). Some new
sand and gravel depositswith amaximum thickness of 0.5mweremea-
sured in the lower river in late summer 2012 (Fig. 4); this was consis-
tent with local deposition measured in longitudinal profiles, though
sediment thickness was locally greater where pools filled (Fig. 6C). In
the lower reach large, low-velocity pools (i.e., pools ~100 m long and
3 m deep; Rkm 5.5 to 3.75) filled with new coarse sediment released
from former Lake Aldwell between April and September 2012, whereas
smaller, higher-velocity pools downstream from Rkm 3.5 were less af-
fected (Fig. 6C). Pool filling in the lower reach in the first year of dam re-
moval evidently did not represent enough sediment deposition to affect
water-surface elevations significantly (Fig. 3C).

During the first year of dam removal new sediment also accumulat-
ed in the floodplain channels of the lower reach and to a much lesser
extent in those of the middle reach. Average new sediment thickness
in the measured floodplain channels of the lower reach was 0.39 m
(±0.43 m), whereas themiddle reach floodplain channels had an aver-
age new sediment accumulation of 0.02 m (±0.01 m). Most sediment

image of Fig.�6
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that accumulated in floodplain channels in the middle and lower
reaches was sand-sized or finer andwas deposited in the lee of obstruc-
tions (e.g., logjams) and in deep pools. Sediment deposition did not ex-
tend throughout the floodplain channels but occurred in discrete
sections associated with the obstructions.

In the second year of dam removal, the riverbed aggraded substantial-
ly throughout the middle and lower reaches. In middle to late October
2012, sand and gravel (N2 mm) derived from the former Lake Mills
began spilling over the loweredGlines CanyonDamand a series of storms
increased overall sediment load (Fig. 3D; Magirl et al., 2014-in this
volume). Detectable bedload in the lower river at the diversion gage, on
the order of 100 t/d, started on 14 October 2012 and ranged from 10 to
100 t/d through the end of October. A heavy rain event on 31 October
2012 resulted in a peak flow of about 150 m3/s, and multiple days of
bedload as great as 1000 t/d carried downstream from the former Lake
Mills (Fig. 3D). In the middle reach all gages in the stage-gage network
responded to the sediment pulse within a week of the 31 October 2012
rain event with aggradation or incision (Fig. 3B). All the stage gages ex-
cept that at Rkm 12.4 showed aggradation of +0.5 to +1.5 m at that
time. By mid-November 2012 the longitudinal profile showed accumula-
tion throughout the middle reach, particularly in large pools (i.e., Rkm
14.0 to 13.3; Fig. 6B). We also observed aggradation between riffle crests
then, consistent withmeasurements of increasedwater-surface elevation
(Fig. 6B). The sediment pulse in the middle reach dispersed downstream
with themaximum change in water-surface elevation (+1.0 to+1.5 m)
occurring early December 2012, January 2013, and April 2013 at Rkm
18.3, 15.3, and 13.5, respectively (Fig. 3B). After the peak of the bedmate-
rial passed a given location, the stage lowered back to about +0.5 m
above its pre-dam-removal elevation at Rkm 18.3 and 13.5 and back to
its pre-removal elevation at Rkm 15.3 (Fig. 3B). High-frequency fluctua-
tions (Fig. 3B, C) may or may not reflect actual changes in water-surface
elevation. Such high-frequency fluctuations could result from differences
in hydraulic control within the stage-gage network or localized perturba-
tions to the water surface at the instrument location unrelated to
aggradation. However, we interpret multi-week trends in measured
water-surface elevation to represent real relative change in the hydraulic
control reflecting bed aggradation or incision.

From 1–14 November 2012, the stage gage affected by the former
Lake Aldwell reservoir delta (Rkm 12.4) indicated bed incision of
about −0.4 m (Fig. 3B). This pattern of incision was consistent with
field observations that former Lake Aldwell sediment knickpoints had
become stranded during low late summer flow, then rapidly mobilized
as river flow increased again in the fall, increasing transport capacity
and instigating rapid upstreamknickpointmigration (Fig. 3B). This inci-
sion at Rkm 12.4 was subsequently reversed at the same time as the
stage increase from the leading edge of the sediment pulse was record-
ed at other gage locations upstream and downstream. Presumably this
represented new bed material arriving from upstream in late Novem-
ber, sourced from the former Lake Mills. From December 2012 to July
2013 a slow, progressive incision continued to erode the bed at Rkm
12.4 (Fig. 3B) until the bed material peak had passed. Bed elevation at
Rkm 12.4 stabilized through the remainder of the study interval at the
same elevation as in early-mid-November 2012, indicating bed incision
of about−0.4 m at the upstream end of the former Lake Aldwell reser-
voir delta (Fig. 3B).

In the lower reach, initial water surface elevation changes occurred
within two weeks after the substantial Lake Mills sediment release
(the first half of November 2012) at Rkm 5.5 and Rkm 0.6 (Fig. 3C).
The stage gage at Rkm 3.8 showed negligible change during the study,
indicating that this section of the river responded to the sediment influx
largely as a transport reach. Stage at Rkm 5.5 increased between
November 2012 and March 2013 to a relatively constant value of
+0.6 to +0.7 m (relative to pre-dam-removal elevation) through
September 2013 (Fig. 3C). Topographic surveys of reach 1 (which in-
cluded the stage-gage location at Rkm 5.5) in September 2013 showed
maximum bed aggradation of +1.5 m locally where new sediment
bars had formed (Figs. 4B, 5). The stage at Rkm 0.6 increased to a max-
imum of +1.3 m in May 2013. No water-surface elevations were avail-
able after May 2013 for Rkm 0.6 because bank erosion destroyed the
pressure gage measuring water-surface elevation there. However, a to-
pographic survey in reach 3, which included the stage-gage location at
Rkm0.6, showed that as of September 2013 the bed there had aggraded
by +2.0 m across most of the channel width, filling a large pool
(Figs. 4F, 6C). By summer 2013, all of the pools throughout the middle
and lower Elwha River remained mostly filled with sediment (Fig. 6),
and the lowest 1.5 km of the river had aggraded by more than +1 m
even in the thalweg (Figs. 4F, 6C), decreasing the channel slope there;
this backwater deposition occurred in response to a base-level increase
where the lowermost river aggraded into the Strait of Juan de Fuca.

During the second year of dam removal, new sediment also accumu-
lated in floodplain channels but at rates and with depositional styles
different than in the main channel (Fig. 7). Floodplain channels whose
upstreamelevationwas similar to that of themain channel accumulated
sediment at approximately uniform thickness along their length as a re-
sult of downstreamflow through thefloodplain channel (Fig. 7A). Three
of the eight floodplain channels accumulated sediment in this manner.
The other five had inlet elevations that were higher than the mainstem
channel and outlets that were lower than the mainstem channel
(Fig. 7B), and thus received downstream flow only during moderate to
high (overbank) river discharge. The downstream ends of those chan-
nels accumulated sediment from backwater effects of the mainstem
flow, with relatively little deposition in their upstream sections
(Fig. 7B). Of the eight floodplain channels surveyed, seven accumulated
new sediment, to an average of +0.50 m (±0.38 m) in the middle and
lower reaches combined. Accumulated thickness varied according to
distance from source and slope of the mainstem Elwha River (Fig. 7C).
In the middle reach the average new sediment depth was greatest in
the floodplain channels nearest to Glines Canyon Dam and generally
decreased downstream. Average sediment depth in the lower-reach
floodplain channels generally increased downstream, with the thickest
deposits in floodplain channels nearest the mouth of the Elwha River
(Fig. 7C).

4.2. Bed sediment grain size

The new sediment accumulating in the Elwha River system during
dam removal was substantially finer grained than most of the pre-
dam-removal riverbed. Pre-dam-removal samples (1994–2011) indi-
cated a bed dominated by cobbles, with armoring evident immediately
downstream from each dam (Fig. 8A). The earliest new deposition
during dam removal involved thin deposits of sand and mud filling
interstitial spaces between cobbles (winter 2011–2012), and thus the
riverbed temporarily showed bimodal grain-size distribution in which
a mean grain size measurement would not be informative (Draut and
Ritchie, 2013; data not shown in Fig. 8). The lack of a basalfine sediment
layer in many channel margin deposits as of spring 2013 (Draut and
Ritchie, 2013) indicated that the initial 2011–2012 fine sediment de-
posits were eroded, at least locally, prior to arrival of the large sediment
wave in 2012–2013. By late fall 2012 and thereafter, new sediment cov-
ered almost all previous exposures of the pre-dam-removal bed, such
that the dominance of granule and pebble sizes as a mean grain size
from November 2012 into 2013 (Fig. 8B) accurately represented the
sediment that was present. Grain size in the control reach upstream
from the former Lake Mills, in contrast, did not change (Fig. 8B).

Temporal trends in grain size (Fig. 8C, D) indicated general fining of
bed sediment but with different patterns in the middle and lower
reaches. Themiddle-reach bed grain size decreased almost immediately
after abundant sand and coarser sediment was released past the Glines
CanyonDam site beginning in October 2012 (data fromNovember 2012
in Fig. 8C). Grain size in themiddle reach decreased from a range of−8
to −4 ϕ (small boulder to pebble) to −6 to 2 ϕ (cobble to medium
sand; Fig. 8C). Riverbed grain size increased slightly in the middle
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reach in winter 2012–2013 and remained fairly constant throughMay–
August 2013 (Fig. 8C). The lower reach showed a more consistent re-
sponse in bed sediment grain size, fining less abruptly than in the mid-
dle reach (Fig. 8D); initial grain size there ranged from −10 to −4 ϕ
(boulder to pebble), but as of August 2013 had fined to between −6
and 2 ϕ (cobble to medium sand), similar to the middle reach. Thus,
grain size had decreased on the mainstem riverbed since the start of
dam removal, but the rate of fining slowed or ceased after winter
2012–2013.

4.3. Channel planform adjustment

Mainstem sinuosity and braiding index of the middle and lower
Elwha River showed changes coincidentwith the large sediment supply
increase during dam removal (Fig. 9). The most substantial channel
planform changes followed the major bedload sediment release from
the former Lake Mills in late 2012 (cf. Fig. 3). After that time, braiding
index in the middle and lower reaches increased, reflecting new bar
formation as sediment accumulated, and mainstem sinuosity also
increased slightly (Fig. 9). Braiding index decreased between February
and September 2013, more so in the middle river than in the lower
river (Fig. 9B). This style and timing of channel planform response
are consistent with the patterns of water-stage elevation described
above (Fig. 3). Bank erosion occurred in some locations but was not
widespread or pronounced enough to influence channel planform
substantially.

4.4. Sediment accumulation estimates

We combined topographic, bed sediment, and channel-planform
measurements to estimate the amount of new sediment in the Elwha
River system after the first two years of dam removal (Table 1).
Mainstem topographic change detected using terrestrial lidar and sur-
veyed cross sections (method M1) within reach 1, the subreach in the
lower river centered at Rkm 5.5, showed a volume increase of 9200 ±
330 m3 (uncertainty from thresholding to the 95% confidence interval)
between September 2011 and September 2013,which equated to 54m3

of deposition per meter of river length (Fig. 5). Lidar scans and topo-
graphic surveys detected 1900 ± 280 m3 of volume increase in reach
2, within the old mainstem channel of the lower river (approximately
equivalent to Rkm 2.6 on themainstem), or 18 m3/m of channel length.
In reach 3, centered at Rkm 0.6, we measured a volume increase of
14,000 ± 680 m3, or 130 m3/m of river length. In contrast to the strong
depositional signal downstream from the former reservoirs, sediment
volume was essentially unchanged in the control reach upstream from
the former Lake Mills over the same time interval—the volume change
there, 16 m3, was below our detection limit. Using method M1 and
assuming a dry bulk density range of 1200–1700 kg/m3, extrapolating
mass accumulation along the lower reach and old mainstem channel
(as described in Section 3.4) indicated 530,000–740,000 t of new sedi-
ment in the lower river and old mainstem (Table 1A).

Using method M2 we measured a volume increase of 240,000 ±
2500 m3 in the middle Elwha River and 340,000 ± 2100 m3 in the
lower river, or a total of about 580,000 m3. Assuming a dry bulk density
range of 1200–1700 kg/m3, this indicated 690,000 to 980,000 t of new
sediment stored within the active channel as of mid-September 2013
along 18 Rkm of the middle and lower river (including length along
the mainstem, the old mainstem, and another major side channel;
Table 1A). This represents an average new sediment thickness of
0.5 m in the middle reach and 0.8 m in the lower reach (thinner than
shown in Fig. 4 because these values include deposition over former
riffle crests), yielding average sediment storage of 27 and 39 m3/m of
river length in the middle and lower river, respectively. The greater
deposition in the lower reach is consistent with its lower gradient and
modest increase in discharge. In the middle and the lower river, 60%
of the new sediment was stored in bars that were subaerially exposed
at low flows and 40%was below thewater surface, mostly stored in for-
mer pools. Methods M1 andM2 yielded accumulation estimates for the
lower river that overlapped (Table 1A), indicating that method M2 was
a reasonably robust means to estimate sediment accumulation in the
middle reach where high-resolution terrestrial lidar and total-station
survey data were not available. We note that the uncertainty in our
volume-to-mass conversion, resulting from the range of our bulk densi-
ty assumptions, is two orders ofmagnitude greater than the uncertainty
in our volume change calculations for methods M1 and M2.

In addition to the above estimates of sediment accumulation in the
mainstem channel, we used topographic measurements from the
eight studied floodplain channels (Fig. 7) to estimate total sediment
accumulation in the 40 floodplain channels in the middle and lower
reaches. Using the threemethods described in Section 3.4 for floodplain
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channel sediment accumulation, we estimate that between 94,000 and
310,000 t accumulated in the middle reach floodplain channels and be-
tween 62,000 and 200,000 t accumulated in the lower reach floodplain
channels (Table 1B). The estimated range of total sediment accumula-
tion in the middle and lower reach floodplain channels, which together
are ~25 km long, is between 160,000 and 510,000 t (Table 1B).

Combining our estimates for mainstem and floodplain-channel
accumulation (Table 1), we have documented at least 850,000 t of
new sediment accumulation in the river system downstream from the
dam sites, and possibly as much as 1.5 million t given the uncertainty
range on these estimates (Table 1). Choosing the middle of the ranges
of mass estimates in Table 1, we infer ~1.2 million t of new sediment
accumulation in the mainstem and floodplain channels after the first
two years of dam removal. This represents about 10% of the released
reservoir sediment (Randle et al., 2014-in this volume), or about 14%
of the total suspended and bedload (a combined ~8.2 million t) in trans-
port in the lower river during that time (Magirl et al., 2014-in this
volume). Thus, most of the released reservoir sedimentwas transported
downstream to the rivermouth and coastal zone (see Gelfenbaumet al.,
2014-in this volume).

5. Discussion

5.1. Geomorphic and sedimentary responses to dam removal

The geomorphic evolution of the Elwha River during the first two
years of large-scale dam removal represented conditions rarely
observed in natural river systems. The changes in topography, grain
size, and channel planform resulted from a unique, artificially generated
imbalance between sediment supply and transport capacity. Whereas
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the river hydrology during dam removal was essentially natural and
peak flows were lower than normal, the phased lowering of two
reservoirs (Fig. 2) provided abundant reservoir sediment for fluvial
transport (Curran et al., 2013; Magirl et al., 2014-in this volume;
Randle et al., 2014-in this volume).

Downstream influence of a sediment wave (Fig. 3), widespread de-
position in the mainstem and floodplain channels (Figs. 4–8), and
Table 1
Estimated sediment mass accumulation in the mainstem and floodplain channels of the midd
September 2013), in metric tonnes (t); estimates assume a dry bulk density range of 1200–170

(A) Mainstem channel sediment accumulation using extrapolations from terrestrial lid
(method M1) and using DEMs for the middle and lower river constructed from aerial lid
middle reach is ~9 km long and the lower reach is ~8 km long.

Location Method M

Middle reach mainstem N/A
Lower reach mainstem 530,000–
Total mainstem N/A

(B) Floodplain channel estimates using three different methods based on topographic sur
and cross section depth vs. thalweg estimate (method F2), and simple volume estimate vs
~25 km in length (all values are rounded and reported to two significant figures)

Location Method F1

Floodplain channels of middle reach 94,000–130,000 t
Floodplain channels of lower reach 62,000–88,000 t
Total floodplain channels 160,000–220,000 t
planform adjustments (Fig. 9)—which were all especially pronounced
in the second year of dam removal following themajor sediment release
from the former Lake Mills—are attributable to excess sediment supply
with respect to transport capacity. However, the geomorphic work
available from the muted flood regime (no flows approaching the 2-
year flood as of September 2013) restricted the spatial extent and po-
tentially the magnitude of channel changes that might have occurred
given a major flood event.

The Elwha River system showed relatively little response to the
1.1 million t of suspended sediment and estimated 160,000 t of bedload
predominantly released from former Lake Aldwell by September 2012
(Magirl et al., 2014-in this volume). Over that first year of dam removal,
new sediment did accumulate in the lower reach, particularly in thefirst
3 km downstream from the Elwha Dam site, but not in large enough
quantities to alter channel morphology substantially (Fig. 9). Fine sedi-
mentwaswidely observed along the lower reach in spring and summer
2012, filling interstitial spaces in the cobble bed and building small
(b0.2-m-thick) but ubiquitous lateral bars along the channel margins
(Draut and Ritchie, 2013). New woody debris was also present along
the lower Elwha River reach as of summer 2012, most of which had
eroded from within the former reservoir deposits. During spring and
summer 2012, sand and gravel filled pools in the lower reach (notably
four large pools in the first 2.5 km downstream from the Elwha Dam
site; Fig. 6C). Overall, relatively little sediment accumulated in the
channel thalweg during the first year—observed sandy bedforms and
gravel–pebble deposits in the thalweg were still generally b0.5 m
thick as of July 2012—and there was no detectable accumulation
then on riffle crests that provided hydraulic control to the stage-gage
network (Fig. 3).

Much greater geomorphic response followed the sediment released
during the second year of dam removal, predominately from the former
LakeMills, when extension of the sedimentwave (Fig. 3) caused enough
aggradation to cover even the riffle crests, fundamentally changing the
riverbed from pool–riffle to braided morphology (Fig. 6). Widespread
mainstem bed aggradation over the second year of dam removal
(1–2m throughoutmost of themainstem channel) forced flow through
floodplain channels even during low to moderate discharge, depositing
additional sediment in the side channels of the Elwha River floodplain.
New deposition in floodplain channels was particularly evident in the
middle reach. Mainstem aggradation formed numerous bars, resulting
in amore braided channel by February 2013 (Figs. 5, 9). Increased braid-
ing on the Elwha River is consistent with observations in flume experi-
ments of channel response to sediment pulses (Podolak and Wilcock,
2013) and on other rivers that accommodate a major sediment influx
and have high suspended and bedloads (Smith and Smith, 1984;
Schumm, 1985; Hoffman and Gabet, 2007; Gran, 2012; Mueller and
Pitlick, 2013; Pierson andMajor, 2014). New bar and channel formation
le and lower Elwha River during the first two years of dam removal (September 2011 to
0 kg/m3 to convert sediment volume to mass; see text for complete method descriptions.

ar and high-resolution topographic surveys in three subreaches of the lower river
ar data, SfM data, and boat-mounted ADCP bathymetric surveys (method M2); the

1 Method M2

280,000–410,000 t
740,000 t 410,000–580,000 t

690,000–980,000 t

veys: simple volume estimate vs. aggregate volume measured (method F1), thalweg
. individual volume measured (method F3); in total, the 40 floodplain channels are

Method F2 Method F3

150,000–210,000 t 220,000–310,000 t
97,000–140,000 t 140,000–200,000 t

240,000–340,000 t 270,000–510,000 t
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alsomay have been facilitated by new deposition of large woody debris
(cf. Fetherston et al., 1995; O'Connor et al., 2003; McHenry et al., 2007;
Collins et al., 2012; Wohl, 2013). Bar formation and increased braiding
through winter 2012–2013 represented a geomorphic shift from a
river that had previously avulsed new channels by incising into
preexisting floodplain deposits to one with new channels forming by
aggradational-style avulsion (sensu Mohrig et al., 2000). New channel
formation is seldom documented on field scales (Slingerland and
Smith, 1998, 2003; Aslan et al., 2005; Sinha, 2009), but documenting
the transition to a system forming new bars and reorganizing its chan-
nels purely as a result of greatly increased sediment supply, without
flooding, is especially rare except in cases of extensive geomorphic
disturbance (cf. Gilbert, 1917; Simon, 1999; Sutherland et al., 2002;
Gran, 2012).

Flume studies and one-dimensional numerical analyses show that
sediment-wave dynamics can be broken down into translational and
dispersive components (Lisle et al., 2001). In an Eulerian reference
frame, observing the river from a fixed point on the bank, both sedi-
ment-wave dispersion and translation would result in a rise and then
fall of the riverbed or water-surface elevation. Sediment-wave transla-
tion and dispersion following dam removal have been documented
where the sediment size is much finer than the downstream river bed
and the Froude number (Fr= u/(gd)0.5, where Fr is the nondimensional
Froude number, u is meanwater velocity, g is gravitational acceleration,
and d is water depth) is small (Simons and Simons, 1991; Doyle et al.,
2002; Stanley et al., 2002; Tullos et al., 2010). However, over the first
two years of the Elwha River dam removal we did not detect wide-
spread sediment-wave translation, but found that dispersion domi-
nated. Lisle et al. (2001) argued that pure wave translation must
demonstrate progressive downstream movement of the influence of
the leading edge, apex, and trailing edge of the wave and that the
trailing edge of the wave must return the river to a geomorphic condi-
tion similar to that present before the wave arrived. Data from our
stage-gage network indicated that the apex of maximum deposition
moved downstream from Rkm 18.3 to 13.5 in five months between
December 2012 and April 2013. Translation of the leading and trailing
edges of the sedimentwavewasmore equivocal. The leading edge of in-
fluence of the sediment released from the former Lake Mills in October
2012 affected the entire stage-gage network within two weeks after 31
October 2012, and response was nearly synchronous throughout the
middle reach. The trailing edge of the sediment wave appeared to affect
Rkm 18.3 and 13.5 in a temporally similar pattern, whereas response at
Rkm 15.3 seemed to indicate translational sediment-wave passage by
June 2013 (Fig. 3B). In the lower reach, which favored deposition, we
found neither evidence of apex translation nor strong indication of the
trailing edge of the sediment wave as of September 2013 (Fig. 3C). In-
stead, comparison with theoretical and flume-based observations of
Lisle et al. (2001) indicated that the sediment wave demonstrated
dispersive properties. The patterns that we observed—pool filling, bed
aggradation followed by degradation and incision, temporarily in-
creased braiding, and bed sediment fining—are all consistent with sed-
iment- wave dispersion (e.g., Lisle et al., 2001; Cui and Parker, 2005;
Lisle, 2008; Pryor et al., 2011). The dominantly dispersive wave behav-
ior (cf. Pizzuto, 2002) likely reflects the fact that the sedimentwavewas
coarse-grained (largely sand and gravel) and that the river's hydraulic
conditions tended toward higher Froude numbers. A cursory analysis
of hydraulic data measured at the McDonald Bridge gage from Novem-
ber 2012 to May 2013 indicated Froude numbers ranging from 0.60 to
0.95, well above a suggested Fr b 0.4 threshold required to promote
sediment wave translation (Lisle, 2008). Therefore, we consider the
Elwha River sedimentwave to be dominantly dispersive thus far; trans-
lational behavior may have been recorded at Rkm 15.3, but more data
will be needed to assess that fully, as the geomorphic response of the
river to completion of Glines Canyon Dam removal is further analyzed.

By September 2013 the primary effects of the first major sediment
wave released from Lake Mills had decayed with passage of the wave
front, at least for the flow regime experienced thus far. Bed aggradation
had givenway to incision in themiddle reach (Fig. 3B), and incisionwas
observed in localized areas of the lower reach but was not yet well
established there (Fig. 3C). Some, but not all, hydraulic controls (riffle
and rapid crests)were re-exposed. Together with a decrease in braiding
index relative to February 2013 (Fig. 9B), the tendency toward incision
reflected the decay of the dispersing sedimentwave. The sedimentmass
estimated for the river system (Table 1) therefore only represents one
snapshot in time, that of late summer 2013; storage of new sediment
in the river system will likely continue to decrease, with the exception
of the lowest 0.5 Rkmwhere aggradation accompanied channel length-
ening, base-level increase, and delta enlargement at the river mouth. It
is uncertain to what extent a major flood would cause additional aggra-
dation in the middle and lower reaches, having mobilized more reser-
voir sediment, or whether a large flood in the near future would have
a net erosional effect on the river channel sediment storage. Removal
of the remaining portion of Glines Canyon Dam over 2013–2014 also
will affect downstream morphology.

The geomorphic response of the Elwha River to dam removal greatly
exceeded themagnitude of geomorphic change caused by amajor flood
several years earlier, which was the largest forcing event measured
there prior to dam removal. The 1016 m3/s flood of 3 December 2007,
which had a recurrence interval of ~40 years, was the second-highest
recorded discharge on the Elwha River (the highest having been
1177 m3/s in 1897). The 40-year flood caused major widening and
channel reorganizationupstream fromLakeMills, but induced relatively
little change downstream from the dam sites, where the armored bed
and low sediment supply limited channel movement (Draut et al.,
2011). Bed elevations in the lowermost Elwha River (around Rkm 0.6,
reach 3) locally increased and decreased by as much as 1.5 m in re-
sponse to the 2007 flood but changed by 0.1–0.5 m elsewhere along
the lower river (Draut et al., 2011). In contrast, the lower reach geomor-
phic signal fromdam removal involved bed elevation changes thatwere
two- to tenfold greater than those caused by the 40-year flood. The type
of channel response possible during dam removal was also fundamen-
tally different from that of any large forcing event (such as flooding or
human channel realignment) during the dammed era because dam re-
moval supplied so much new sediment, allowing bed fining and new
bar formation that could not occur while the dams trapped sediment.

Before dam removal, a one-dimensional sediment transport model-
ing study (Konrad, 2009) projected patterns of bed aggradation and
degradation on the Elwha River for time scales of 4–7 years after the
start of dam removal. Insufficient time has elapsed to compare the
field results directly with the time scales employed by the Konrad
(2009) model runs; however, the state of the river two years after the
start of dam removal largely conformed to model predictions, although
Konrad (2009) anticipated great uncertainty because the model lacked
topographic calibrations and a means to represent channel avulsions
and assumed lower sediment volume than was present as of 2011. As
Konrad (2009) projected, we found localized areas of net aggradation
and degradation in the middle reach generally b1 m in magnitude
(although 3–5 m of aggradation occurred in pools; Fig. 6B). In the
lower reach, at 7 years after dam removal Konrad (2009) predicted
the greatest bed aggradation around Rkm 5.5 (a+2m increase relative
to the pre-dam-removal elevation), attenuating downstream to negligi-
ble effects at the river mouth. Over decadal time scales, bed aggradation
was anticipated to cover the lower reach more or less uniformly with
~1 m of new sediment, raising the 100-year flood stage by that amount
(U.S. Department of Interior, 1996b; see also Gelfenbaum et al., 2011).
Our data show that as of summer 2013 the riverbed elevation in the
lower reach already exceeded the pre-dam-removal elevation by
0.6–1.0 m without showing any substantial downstream taper from
Rkm 5.5. In addition, we found greater aggradation (~2 m) and lower
channel slope from Rkm 1.5 to the river mouth (Figs. 4F, 6C), which
was not included in numerical or conceptual predictions (Konrad,
2009; Gelfenbaum et al., 2011). The one-dimensional fluvial sediment
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transportmodels were not able to simulate the substantial enlargement
of the coastal delta (Gelfenbaum et al., 2014-in this volume), which
raised base level enough to enhance sediment aggradation and decrease
the slope in the lowermost Elwha River.

One difference between the predicted and measured responses
concerned the behavior of muddy sediment (silt and clay). Mud deposi-
tion was anticipated to be negligible in the river system relative to the
total volume of fines released (Randle et al., 1996), but channel-
margin deposits as of spring 2013 contained, on average, around 20%
mud (Draut and Ritchie, 2013). The unexpected abundance of silt and
clay deposition is attributable to the great fine-grained sediment supply,
coupled with unusually low fluvial transport capacity, having produced
spatial and temporal flux gradients that promoted mud deposition.
Although the 20%mud compositionwas locally a substantial proportion
of total deposition, and some deposits contained a much greater mud
proportion, the vast majority of fine sediment released from the reser-
voirswas transported to the rivermouth as predicted. The newdeposits
likely will coarsen with time as the riverbed degrades through exten-
sion of the initial sediment wave (Madej et al., 2009; Pierson et al.,
2011).

Although every dam removal involves unique geomorphic, sedi-
mentary, and hydrologic conditions, it is nevertheless informative
to consider lessons learned from the Elwha River dam removals in
the context of the recent spate of dam removal research. Conditions
affecting the Elwha River are unique compared to other dam remov-
al projects, where sediment volumes were much less and peak flow
hydrology relatively greater (e.g., Major et al., 2012; Woelfle-Erskine
et al., 2012). During the first two years of dam removal on the Elwha
River, sediment supply and concomitant bedload were exceptionally
large and peak flow hydrology unusually small. This created a situa-
tion with greater sediment oversupply than had occurred at most
other dam removals, though in the context of gradual, phased re-
moval rather than the instantaneous large dam removals on several
other rivers from which information is available. The most informa-
tive comparisons can be made between the Elwha River dam re-
movals and those of Marmot Dam on the Sandy River, Oregon
(Major et al., 2012), and Condit Dam on the White Salmon River,
Washington (Wilcox et al., 2014), as those involved similar geo-
graphic and hydroclimatologic settings to the Elwha River and also
involved no mechanical sediment removal. The magnitudes of the
sediment pulses relative to the amount of stored reservoir sediment
were similar in each case, although the erosion time scales and the
magnitude of stored sediment relative to annual sediment load dif-
fered. The Elwha River eroded ~32% of its reservoir sediment over
two years, representing decades' worth of the annual fluvial sedi-
ment load (Randle et al., 2014-in this volume); the Sandy River erod-
ed ~58% of the reservoir sediment behind Marmot Dam over two
years, representing 2–4 times the annual load (Major et al., 2012);
the White Salmon River eroded ~55% of the reservoir sediment be-
hind Condit Dam over 15 weeks, representing 50 times the annual
sediment load (Wilcox et al., 2014).

In addition to the Elwha River dams having impounded much more
sediment than in any previous dam removals, the Elwha River situation
differed importantly from others such as the Marmot or Condit dam
removal because the phased timing of removal of the Elwha dams
resulted in a longer duration of sediment release and lower sediment
concentrations. Measured peak suspended-sediment concentrations
during instantaneous removal of Marmot Dam and Condit Dam were
3 times and 52 times greater, respectively, than those recorded on the
Elwha River during the first two years of dam removal (49,000 mg/L
at Marmot Dam and a hyperconcentrated flow of 850,000 mg/L at
Condit Dam, compared to 16,300 mg/L from the Glines Canyon Dam
removal on the Elwha River; Major et al., 2012; Wilcox et al., 2014;
Magirl et al., 2014-in this volume), although sampling frequency was
lower on the Elwha River than on those other rivers during instanta-
neous dam removal (Magirl et al., 2014-in this volume).
Thephased removal of the Elwhadamsmeant that downstream sed-
iment supply was controlled by fundamentally different processes than
were important in the Marmot or Condit Dam removals. In the latter
two cases, the sudden base level drop accompanying instantaneous
dam removal led to rapid upstream propagation of major knickpoints
or knickzones through the reservoir sediment, exerting a significant
control on reservoir sediment erosion rate and thus sediment supply
to the river below the dam sites. The reservoirs behind Marmot and
Condit Dams had contained thick sediment deposits abutting the
respective dams, facilitating rapid, large-magnitude knickpoint retreat
upon dam removal (Major et al., 2012; Wilcox et al., 2014). Reservoir
sediment erosion during the Condit Dam removal also largely
proceeded by mass-movement processes in the dominantly fine-
grained deposit (60% sand, 35% silt and clay, 5% gravel), which contrib-
uted to the hyperconcentrated flow mentioned above (Wilcox et al.,
2014). The relative influence of knickpoint migration was less in the
Elwha River reservoir deposits, owing to the more gradual base-level
lowering that forced reservoir sediment deltas to prograde toward the
dam sites over months before releasing bedload past them. Knickpoints
did migrate upstream through the Elwha reservoir deposits after dam-
notching events, but their elevation relative to the reservoir-deposit
thickness was much less than that in instantaneous dam removals.
Mass movement was rare or absent because the Elwha reservoir
deposits were coarser and thus likely less cohesive than those behind
Condit Dam (Randle et al., 2014-in this volume).

As a consequence of phased dam removal, the nature of reservoir
erosion, and the reservoirs not having been full of sediment, the
Elwha River sediment wave advanced downstream from the dam sites
more slowly than in the Marmot or Condit examples, developing over
weeks and influencingmiddle and lower reach locations formonths be-
fore giving way to incision (Fig. 3). Those processes took only hours to
days after the Condit Dam removal (Wilcox et al., 2014). Notably, the ef-
fects of the Elwha River sediment wave (i.e., fining of bed material) dif-
fered from those that can occur where instantaneous dam removal
accompanies a large flood flow; the failure of Barlin Dam, Taiwan, dur-
ing a typhoon-induced flood in 2007 resulted in coarsening, rather
than fining, of bed sediment downstream from the dam site (Tullos
andWang, 2014). The balance between sediment supply and transport
capacity will determine the extent of deposition or erosion and relative
grain-size changes, with resulting deposits and channel configurations
that are highly variable from one example to another.

Despite the important differences of phased vs. instantaneous large
dam removal, and the associated differences in sediment-supply mech-
anisms and sediment-wave timing, certain similarities are apparent
among the Elwha, Condit, and Marmot case studies. In each case the
fluvial system digested a substantial sediment pulse fairly efficiently,
moving the great majority of the sediment downstream out of the
respective study reaches (5–10 km long) rather than retaining much
of it near the dam sites (cf. Major et al., 2012; Warrick et al., 2014-in
this volume). Even in view of the uncertainties on sediment budgeting,
our finding of about 10% retention of eroded reservoir sediment in the
Elwha River system is comparable to results from a similar-length
reach downstream from Marmot Dam (Major et al., 2012; a detailed
sediment budget is not available for the Condit Dam removal). Thus,
these river systems appear remarkably resilient from a sedimentary
and geomorphic perspective. Moreover, large quantities of sediment
evidently can move downstream after dam removals even without the
influence of substantial flood hydrology, as long as stream power is suf-
ficient to mobilize reservoir sediment. Much greater geomorphic
change occurred downstream from the Marmot Dam site in the first
year after dam removal, under a relatively low flow regime (peak flow
having been 60% of a 2-year flow) but during dynamic knickpoint mi-
gration through the reservoir deposit than in the second year under
the influence of a 10-year flood. This similarity with the sediment-
wave dispersion on the Elwha River under modest hydrologic condi-
tions suggests that flow sequencing may be less important than dam-
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removal rate and reservoir sediment erosionmechanisms in controlling
geomorphic change after dam removal (Grant et al., 2012). Additional
data collection over longer time scales on the Elwha River and other
dam-removal settings should substantially increase understanding
of the relative roles of various geomorphic and hydrologic forcing
mechanisms.

Even though the majority of eroded reservoir sediment from the
former Lakes Aldwell and Mills moved downstream to the coast, some
effects of the dam-removal sediment wave on the Elwha River likely
will be long-lasting. Judging from comparison with natural sediment
pulses, the full sedimentary and geomorphic responses of the Elwha
River to dam removal could last for decades, and possibly more than a
century (cf. Pierson et al., 2011; Pierson and Major, 2014). Although
river and floodplain form and function were impaired by the upstream
dams, e.g., with bed armoring in the channel and unnatural vegetation
age distribution on the floodplain (Pohl, 2004; Kloehn et al., 2008;
Draut et al., 2011), the river channel and floodplain apparently had
not finished equilibrating to the sediment-limiting effects of the dams
after almost a century, at least in the lowest 4 km of the river (Draut
et al., 2011). Therefore, a similarly long, nonlinear post-dam-removal
response may occur as the river accommodates not only the wave of
reservoir sedimentmeasured in this study, but also the reestablishment
of natural sediment supply from the upper watershed. As that happens,
we expect that the river will host a greater range of bed sediment grain
size compared to the pre-dam-removal bed and that the active,
unvegetated channel width will increase over time (cf. Kondolf et al.,
2002). We have not discussed channel width changes in detail here;
preliminary data from reach 1 indicate that wetted width in September
2013 was ~5–10% greater than at comparable discharge before dam re-
moval, and we have observed bank erosion and widening locally in the
middle and lower river, but until the Elwha River experiences at least a
2-year flood after dam removal it is not meaningful to compare active
channel width to that measured before dam removal. We speculate
that sediment loads from the former reservoirs will approach a stable
recruitment level for a given flow regime within a few years after the
end of dam removal and the occurrence of two to three floods equal
to or greater than the 2-year flood. This prediction depends partly on
additional mobilization of reservoir sediment during larger peak flow
events (cf. the post-dam-removal ‘event-driven phase’ of Pearson
et al., 2011, and the Marmot Dam example discussed above; Major
et al., 2012) and is supported numerically by Konrad (2009). Continued
reservoir sediment erosion is also expected to influence channel de-
posits and morphology downstream of the dam sites as fine-grained
lakebed deposits become exposed that had not yet eroded substantially
as of 2013 (Warrick et al., 2014-in this volume). Sediment in excess of
the pre-dam-removal state will continue to be present in downstream
regions (themiddle and lower river) as a result of successful restoration
of sediment delivery from the upper watershed and of continued re-
cruitment from the former reservoir areas (albeit at a more stable, re-
duced level).

5.2. Ecological implications

A dearth of long-term data sets (Doyle et al., 2005; Jackson and
Füreder, 2006) makes it difficult to predict how long the ecological
effects of dam removal will last (e.g., Harding et al., 1998; Bednarek,
2001; Vinson, 2001). The Elwha River dam removals were designed to
restore habitat for anadromous fish specieswhose populations declined
significantly over the century that the dams were in place (Beechie
et al., 2001; Brenkman et al., 2008, 2012; Pess et al., 2008; Kocovsky
et al., 2009). Many complex, long-lasting ecological effects of this river
restoration are anticipated (e.g., Duda et al., 2008), and a detailed
consideration of these is outside the scope of this paper. However, we
briefly consider some potential ecological implications of the new sedi-
ment deposition and its effects on habitat in mainstem and floodplain
channels and bars.
During the first year of dam removal, before the major sediment
influx from the former LakeMills, suspended sediment from both reser-
voirs formed thin (b0.2 m), sand-and-mud deposits along most of the
mainstem channel margin in the middle and lower Elwha River, filling
interstitial spaces in the armored cobble bed surface (Draut and
Ritchie, 2013). Maintenance of natural and functioning interstitial
spaces is ecologically important, as these areas sustain habitat heteroge-
neity for macroinvertebrates (e.g., Wood and Armitage, 1997; Jones
et al., 2012), facilitate hyporheic exchange (Harvey and Bencala,
1993), and trap organic material. The filling of riffles and pools can
decrease the density of macroinvertebrates (Minshall et al., 2001;
Gayraud and Philippe, 2003; Thompson et al., 2005; Clayton and
Westbrook, 2008) and affect their community structure (e.g., Kaller
and Hartman, 2004; but see Stanley et al., 2002). Morley et al. (2008)
postulated that periphyton and benthic invertebrate abundance and
diversity would decrease temporarily as a response to the Elwha River
dam removal, as a result of fine sediment burying cobbles, limiting
photosynthesis via increased turbidity and decreasing the efficiency of
filter-feeding organisms (cf. Wood and Armitage, 1997). Although we
do not yet know the actual effects on those biotic communities, the sed-
iment effects that we documented are consistent with those predicted
to impact them.

Reduced pore space owing to fine sediment influx into bed interstic-
es also limits the flow of oxygenated water through riverbed material,
decreasing at least temporarily the amount of suitable fish-spawning
habitat and reducing the viability of incubating fish eggs (Lisle, 1989;
Bjorn and Reiser, 1991; Greig et al., 2005). Similarfine sediment infiltra-
tion downstream from the Milltown Dam site, Montana, persisted for
several years after that dam removal (Evans and Wilcox, 2014). Pess
et al. (2008) and McHenry and Pess (2008) anticipated an immediate
short-term reduction in spawning-habitat quality downstream from
the dams owing to an influx of fine sediment. Early fine sediment
(fine sand and mud) infiltration of the Elwha River cobble bed was
overwhelmed by the greater magnitude, coarser (coarser sand, granule,
and pebble) sediment wave that caused much more aggradation in the
second year (2012–2013). However, the earlier timing of fine sediment
infiltration, together with elevated suspended-sediment loads com-
pared to thepre-dam-removal condition,meant that substantial ecosys-
tem impacts in the Elwha River preceded the arrival of the major
sediment wave by about a year. By summer 2013, grain size on the
main channel bed was dominantly granule and pebble material
(Fig. 8),which, although still evolving, represented an increased propor-
tion of anadromous fish spawning habitat compared to the too coarse
cobble bed before dam removal or the too fine mud and sand bed of
2011–2012 (Kondolf and Wolman, 1993; see also Riebe et al., 2014).

Floodplain channels were conjectured to become either areas of fish
habitat refuge if channels were protected from the major sediment
wave in the mainstem river or areas of sediment accumulation if there
was direct hydrologic connectivity between the mainstem and flood-
plain channels (McHenry and Pess, 2008; Pess et al., 2008). As of the
second year of dam removal, seven of the eight floodplain channels
measured in the middle and lower reaches were areas of new sediment
deposition. The floodplain channel bed aggradation reduced the residu-
al habitat depth and thus reduced juvenile salmon habitat capacity.
However, the newly developed braids and smaller channels within the
mainstem may provide some additional habitat complexity, as the
grain size of sediment in those channels varies according to conditions
at the bifurcations.

Finally, the increased area andfiner grain sizes of bars in the first two
years of dam removal have implications for riparian vegetation dynam-
ics along the Elwha River. Pioneer trees and shrubs colonize bars, which
commonly initiates a biophysical progression of landforms and associat-
ed riparian vegetation (Latterell et al., 2006; Naiman et al., 2010). Young
stands comprised an unnaturally small proportion of riparian forest
along the Elwha River downstream from the dams before removal, rel-
ative to reference streams (Kloehn et al., 2008). The increased bar area,
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along with ongoing and potential future changes to channel planform,
could trigger regeneration of woody riparian species, altering the age
structure of the forest. We have already observed an increase in seed-
lings of commonpioneer trees and shrubs on newbars along themiddle
and lower Elwha River. The relatively finer substrate of the post-dam-
removal sediment deposits likely will favor some species over others
and thus could influence riparian plant species composition (Shafroth
et al., 2002b). Anticipated future increases in floodplain sediment
deposition could influence existing riparian forests through differences
in species tolerance to burial and by resetting understory plant
communities.

6. Conclusions

Removal of two large dams on the Elwha River,Washington, provid-
ed a rare opportunity to quantify field-scale fluvial response to a major
sediment influx. The dam-removal sediment pulse initially caused
widespread bed aggradation of ~1 m (locally greater where pools
filled), changing the river from pool–riffle to braided morphology
and decreasing the slope of the lowermost 1.5 km of the river in
response to increased base level from delta enlargement at the river
mouth. Two years after the start of dam removal, 10.5 million t
(7.1 million m3) of sediment, representing several decades worth of
accumulation, had been released from the two former reservoirs. Of
the sediment released, ~1.2 million t (about 10%) was stored along
18 river km of themainstem channel and 25 km of floodplain channels.
The Elwha River thus transported most of the released sediment to the
river mouth.

The large sediment wave from the former Lake Mills reservoir dis-
persed downstream consistent with observations and predictions of
sediment-wave dynamics in high Froude number rivers with coarse-
grained sediment waves. Sediment-wave translation also may have
occurred, but analysis ofmore data from later years of the dam-removal
project will be required to assess how influential sediment-wave trans-
lation might be in influencing downstream fluvial geomorphology.

Newly deposited sediment in the mainstem river and floodplain
channels, dominantly pebbles, granules, and sand, formed new bars
and increased channel braiding, causing a transition to aggradational
channel avulsion. As a result of mainstem bed aggradation, many side
channels in the Elwha River floodplain accumulated new sediment
and received surface water flow even during nonflood conditions. The
river system showed a two- to tenfold greater geomorphic response to
dam removal, in terms of bed elevation changes, than to a 40-year
flood event four years before dam removal. Within one year of major
sediment influx, the river began incising the newly deposited sediment
as the initial sediment wave decayed, and some hydraulic controls
(riffle and rapid crests) were re-exposed. Geomorphic alterations and
changing bed-sediment grain size have important ecological implica-
tions, affecting aquatic habitat structure, benthic fauna, salmonid fish
spawning and rearing potential, and riparian vegetation.

The Elwha River dam removals represent a unique case among the
few examples of large dam removals described in the scientific litera-
ture. In addition to involving larger structures and substantially greater
sediment volumes, the staged removal of the ElwhaRiver dams resulted
in a longer-duration sediment release and lower sediment concentra-
tions than in other recent examples of instantaneous large dam remov-
al. Sediment release to the Elwha River channel and floodplain also was
controlled by different geomorphic processes than observed in other
large dam removals—gradual progradation of reservoir deltas and even-
tual bedload transport past the dam sites months after removal began,
rather than rapid, large-scale knickpoint propagation or mass move-
ments that mobilized reservoir sediment during instantaneous dam
removals. Whether large dam removal is phased or instantaneous, the
case studies to date indicate that rivers are remarkably resilient to
large-scale sediment pulses, efficiently transportingmost new sediment
downstream (given sufficient stream power). Even so, the relatively
small proportion of reservoir sediment that remains in the Elwha
River channel and floodplain, together with renewed natural sediment
and wood supply from the upper watershed, may affect the fluvial
system for decades, with the riverscape topography, bedmaterial, chan-
nel planform, and associated habitat structure substantially different
than during the dammed era.
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